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Abstract 

The electronic stability control (ESC) system is one of the most important active safety systems in vehicles. 

Here, we intend to improve the Electronic stability of four in-wheel motor drive electric vehicles. We will 

design an electronic stability control system based on Type-2 fuzzy logic controller. Since, Type-2 fuzzy 

controller has uncertainty in input interval furthermore of output fuzziness, it behaves like a robust control, 

hence it is suitable for control of nonlinear uncertain systems which uncertainty may be due to parameter 

variation or un-modeled dynamics. The controller output for stabilization of vehicle is corrective yaw 

moment. Controller output is the torque that distribute by braking and acceleration on both sides of the 

vehicle. We simulate our designs on MATLAB software. Some drive maneuvers will be carry to validate 

system performance in vehicle stability maintenance. Simulation results indicate that distributed torque-brake 

control strategy based on Type-2 fuzzy logic controller can improve the stability and maneuverability of 

vehicle, significantly in comparison with uncontrolled vehicle and Type-1 fuzzy ESC. Furthermore, we 

compare the conventional braking ESC with our designed ESC, i.e. distributed exertion of torque ESC and 

braking ESC in view point of both stabilization and performance. As we will see, proposed ESC can decrease 

vehicle speed reduction, in addition to better vehicle stability maintenance. 

Keywords: Type-2 Fuzzy Control, Electronic Stability Control, Yaw Moment, Side Slip Angle, Torque Control 

1. Introduction 

Nowadays, Electric Vehicles (EVs) are receiving 

attention because of environmental concerns such as 

global warming, exhaustion of fossil fuels, and air 

pollution. In addition, EVs have remarkable 

advantages in motion control compared to internal 

combustion engine vehicles. Some advantages are 

foregoing in [19]: (1)-The response to the driving-

braking force by the electric motor is about 100 times 

faster than engines. (2)- Development of in-wheel 

motors enable the individual control of each wheel. (3) 

The generated torque is precisely measurable from the 

motor current. (4) Regeneration can generate Smooth 

braking torque.  

For widespread use of the vehicles, the next 

generation of them must be safe and reliable. For 

example, a three-axle bus rollover threshold and the 

effective parameters are studied in [27] in which 

rollover threshold is a speed that automotive is passing 

without occurring rollover. The objective is a 

determination of the heavy vehicle rollover critical 

speed while turning. In addition, a multi-objective 

design of experimental (DOE) optimization method 

are developed for crash safety of a vehicle which the 

vehicle contains a viscoelastic body and wide tapered 

multi-cell energy absorber [28]. Brake system 

performance significantly affects safety, handling and 

vehicle dynamics. Hence, the researchers of reference 

[29] had studied a brake system design based on the 

method of digital logic especially for sports cars, i.e. 

Mercedes-AMG SLC-43. 

In addition, the electronic stability control (ESC) in 

electric vehicles is a safety important system. By 

installation of heavy boxes of battery, vehicle center of 

gravity inadvertently moves to another position. This 

lead to vehicle over-steering and hence it needs 

additional stabilizing system such as ESC is necessary. 

We depicted the electric car structure in Figure (1). By 

this structure, we can utilize the driving and braking 

torques in all four wheels independently. In addition, 

since each of the motors directly connected to the 
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wheels, removes vehicle differential system for torque 

transmission [6]. 

An ESC system is an active-safety technology, 

which proactively help driver to maintain control of 

vehicle directional stability. This system continuously 

monitors the dynamics of the vehicle and detects the 

loss of control, such as over steering or under steering. 

After detecting instability, ESC system returns the 

vehicle to the desired path automatically by producing 

an anti-yaw moment via driving or braking torque 

distribution in vehicle wheels. In reference [1] an ESC 

control strategy is proposed based on sliding mode. In 

addition, a vehicle yaw controller via second-order 

sliding mode technique was designed that guarantee 

robust stability in front of disturbances and model 

uncertainties [2]. Based on 
H  control theory, the 

reference [3] achieved to both vehicle yaw rate 

tracking through a single wheel brake and vehicle 

stability control. Reference [4], had investigated an 

ESC control base on fuzzy logic. An ESC control base 

on genetic fuzzy algorithm is developed [5] and in 

reference [6] ESC system based on Fuzzy PID 

controller are proposed. A two-surfaces sliding mode 

controller (TSSMC) is proposed for the voltage 

tracking control of a two input DC-DC converter in 

application of electric vehicles in [26]. 

Systems in which determination of exact fuzzy 

membership function are difficult and there are several 

uncertainties, Type-2 fuzzy systems has better 

performance vs Type-1 fuzzy systems.  Unlike 

previous ESC designs based on Type-1 fuzzy control, 

the Type-2 fuzzy ESC control lead to more robustness 

and compensation ability of automotive systems in 

spite of multiple uncertainties such as vehicle weight, 

wheels, road, etc. Hence, we design an electronic 

stability control system for electric vehicles with 

independent torques in each wheels. This system 

consist of a type-2 fuzzy logic controller that realize 

vehicle instability conditions, by exerting a correcting-

yaw moment to restore vehicle on desired direction. In 

addition, we design a torque distribution algorithm for 

distribution of corrective torque output of the previous 

stage to the appropriate wheel according to vehicle 

situation such as oversteer and understeer and driver 

steering angle. In addition to the exertion of maximum 

yaw torque producible by vehicle, simultaneously 

benefits from braking and acceleration torque on both 

sides of the vehicle, it maintain vehicle stability, unlike 

conventional ESC systems that only apply braking 

torque to maintain vehicle stability. Briefly, this paper 

contribution is obtaining the state-space models for 

four in-wheel EV and the design of type-2 fuzzy ESP 

control for these type of vehicles based on both 

acceleration torque and braking control on both sides 

of vehicle. 

Our paper organized as follows: Section (2) 

describes the vehicle model. Section (3) describes 

interval type-2, fuzzy mathematics. In section (4), we 

design ESC control system. In section (5), we will 

present our simulation results and finally Section (6), 

is conclusion and remarks. 

 

2. VEHICLE DYNAMIC AND STATE-SPACE 

MODEL  

ESC system design needs a simple vehicle model 

with important essential dynamics. Here, we use a 7-

degree of freedom model from reference [15]. The 

lateral and longitudinal velocities of the vehicle (vx and 

vy) and the yaw rate ( )  constitute three degrees of 

freedom (DOF) related to the vehicle body. The 

velocity of four wheels constitute the other four 

degrees of freedoms. The equation of motion for 7-

DOF model can be obtain from figure (2): 

 

 
 

Fig1. The structure of an electric vehicle with four electric motors in the wheels [21] 
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Fig2. Parameters in the 7DOF vehicle model  
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 (3) 

Where m is the vehicle mass, Iz is the moment of 

inertia around z-axis, Iw is wheel base moment, Lf and 

Lr are the distances between vehicle center of gravity 

and the front and rear axles respectively. Fx and Fy are 

longitudinal and lateral tire forces. Four vehicle wheels 

are define as: front-left (fl), front-right (fr), rear-left 

(rl), rear-right (rr). δ is front steering angle, φ is vehicle 

yaw angle, and  β is vehicle sideslip angle which is 

defined as: 

arctan
y

x

v

v


 
  

       (4)  

Wheels rotational motion is: 

, , , . ,   ;   )(  ,;d i j bi j x i j eff i f r
d

J T T F j lr
dt

r


    

(5) 

Here Tdi,j refer to transmitted drive torque and 

Tbi,j to brake torque. reff is tire effective  radius,   is 

the tire angular velocity and Jw is wheel inertia.  

During motion, vehicle vertical load changes 

between front and rear axles. For instance by braking, 

vertical load enters on the vehicle front axle. Vertical 

load transfer equations on the front and rear axles are 

as follows: 

cos sin

(L L )

r x cog cog

zf

f r

mgL ma h mgh
F

  



 (6) 

cos sin
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zr

f r

mgL ma h mgh
F

  



 (7) 

hcog is height of gravity center, ax is longitudinal 

acceleration,   is path slope angle, Fzf and Fzr is 

vertical force on the front axle and the rear axle 

respectively. For simulation of vehicle wheels, we use 

from Dugoff tire model in [10]. To obtain the state-

space model, let us define the state variables as 

follows:  

1

2

3

4

5

6

7

x

y

fl

fr

rl

rr

x v

x v

x

X x w

x w

x w

x w



 
 


 
 
 

  
 
 

 
      (8) 

We will obtain the nonlinear state-space model as: 
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In this equation, the control signal is the torque and 

forces. To calculate the equilibrium point of a 

nonlinear system, both the control signal and state 

derivative must set to zero, hence 

6 1 4 1( ) [0] , [0]F t T  
 and 7 1[0]EX 

 which E-

index is the Equilibrium. Then the equilibrium of 

above equations is 3 0E Ex  
 means that vehicle 

has not yaw rate. Hence, the equilibrium point stability 

of this system means keeping vehicle yaw rate at zero. 
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Physically it means that ESC control effort should 

maintain the vehicle in every yaw direction exerts by 

driver. This viewpoint may not explain in many 

research papers of vehicle ESC stability since the 

ultimate goal of ESC control system is the control of 

yaw angle, for example in this era see [4, 5, 20]. 

3. Fuzzy Set and Systems  

4. Type1 Fuzzy Sets  

Type-1 fuzzy sets (T1FSs) were originally 

introduced by Zadeh in 1965 [7]. The successful 

applications of type-1 fuzzy logic controllers 

(T1FLCs) had reported in many researches. For 

example, in control and modeling, predictions of time 

series and other applications [23-24]. Despite the 

apparent advantages of T1FSs, it had shown that it is 

not able to handle the effect of uncertainties 

completely [25]. This is because a T1FS is certain in 

the sense that its membership grades are crisp values.  

In the real world, many of uncertainty exist in the 

face of fuzzy system such as: (1)-Describing parts of 

the fuzzy rules are uncertain, that is mean the words 

used in the parts of antecedent and consequent of laws 

can have different meanings for different people. (2)-

The results obtained of the group of experts often for 

the law will be different because experts are not 

necessarily in agreement with each other. (3)-

Measurements that activates a fuzzy system may be 

Noisy and therefore are uncertain. Thus, there is often 

some uncertainty related to the data. 

 To overcome this uncertainty, type-2 fuzzy sets 

(T2FSs) were introduced by Zadeh as an extension of 

T1FSs (Zadeh, 1975) [8]. T2FSs have membership 

functions that are fuzzy themselves while T1FSs have 

certain membership functions. In the other hand, the 

membership grade of type-1 membership functions are 

crisp numbers, whereas the membership degree of 

type-2 membership functions can be any subset in the 

interval [0, 1] that are called primary membership 

function (PMF). In addition, according to any PMF, a 

value that called secondary membership function 

(SMF) that defines the probability of PMFs.  

Since this improvement increases the 

computational burden, interval type-2 fuzzy logic 

controllers (IT2FLCs) in which SMFs are zero or one, 

are developed [9].  

IT2FSs as a special case of T2FSs, are currently the 

most widely used to reduce computational burden. 

Figure (3) illustrates an example of IT2FS. According 

to this figure, the membership degree of each element 

of x in the domain of IT2FS is an interval. For example, 

as we see in Figure (3), the membership degree of 0.65 

is an interval between [0.2, 0.7]. IT2FSs are bounded 

from up and down with two T1FMs that are called 

upper membership function (UMF) and lower 

membership function (LMF). The area between UMF 

and LMF is footprint of uncertainty (FOU). 

 

 

 

 
 

 
Fig3. (a) Interval type-2 fuzzy set and (b) secondary MF at x=0.65 [16]
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Fig4. Structure of type-2 fuzzy logic system [9] 

 

 

Fig5. Upper MF and Lower MF [16] 

 

 

 

Fig6. .  Levels of calculation for type-2 fuzzy system [16] 
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5. Interval Type-2 Fuzzy Logic  

A type-2 FL System includes four stage: (a)-type-2 

fuzzyfier, (b)-rule-base, (c)-inference engine and (d)-

output processor. The output processor includes a type-

reducer and defuzzyfier. Comparing to type-1 fuzzy 

system, the main difference is the type reducer part 

which it converts the type-2 fuzzy set into the type-1 

fuzzy set. Finally, in defuzzyfier part, type reduced set 

convert to a crisp number. Figure (4) depicts the 

structure of type-2 fuzzy logic system. 

An interval type-2 fuzzy set A can be characterize 

as: 

     , , , 1 | , u J [0,1]A xA x u u x u x X      

(10) 

Where x is the primary variable and its 

measurement domain denoted by X; u is the secondary 

domain variable u∈Jx at each x∈X, Jx is the primary 

membership of x. The amplitude of the secondary MF 

is the "secondary grade." For an interval type-2 fuzzy 

set, the secondary grade equals 1 over the entire of 

FOU, 
( , ) 1Au x u 

 ; hence, the new third dimension 

of a type-2 fuzzy set does not convey any new 

information for an interval type-2 fuzzy set. So 

uncertainties in an interval type-2 fuzzy set 

characterizes by FOU completely. Membership 

function of interval type-2 fuzzy set is: 

 
1

(x) (x), (x)
X

A A A
u J

u u u x X
u

  
(11) 

IT2 FS is bounded from the above and below by 

two T1 FSs, 
( )Au x

  and 
( )Au x

, which are upper MF 

(UMF) and lower MF (LMF), respectively. The area 

between 
( )Au x

 and 
( )Au x

 is the footprint of 

uncertainty (FOU). 

Math operation of IT2FL is almost similar to T1FL 

and the only differences is in input and output 

membership functions and output processor. However, 

in other parts, such as fuzzifier, rule-base and inference 

engine is similar to T1FL. Mathematically, instead of 

computing an area of type-1 rule output FS, the 

T2FLSs compute two such FSs for each fired rule, one 

for the LMF and one for the UMF of the fired rule-

output fuzzy sets. Again, each of these two calculations 

only involves type-1 FS calculations. Figure (6) shows 

the levels of calculations to reach to output of type-2 

fuzzy system for a two-fired rules system with two 

input-one output.  

Type-2 fuzzy system Output is a type-2 fuzzy set. 

While we need a crisp number in output, to reach this 

goal, we must convert the first type-2 fuzzy output in 

type reducer block to a type-1 fuzzy set and then by 

using defuzzification methods in T1FL convert it to a 

crisp number. 

Type reduction in IT2 FLSs is the most intensive 

operation. There are several methods for computing 

type-reduction. Some methods have high precision but 

leads to large computational costs and others have 

lower computational cost but have less accurate. In this 

article, we use the Karnik- Mendel (KM) algorithm 

[11]. 

The KM algorithm converges monotonically and 

super-exponentially fast. In this paper, for type-

reduction from the center-of-sets method, we use the 

method of [9]: 

1 1(x)

y

(x)

[y , y ]

n n

n n

N N
n n n

COS

n nf F

Y

l r

Y f y f
 



 
  

 



 

 (12) 

Where YCOS is an interval type-1 fuzzy set 

determined by its two end points yl and yr. that yl and 

yr is Minimum and maximum this distance 

respectively. This values can be computed efficiently 

using the Karnik-Mendel (KM) algorithms as follows 

[9],[18] : 

1 1 1 1

1 1 1 1

,

L N R N
n n nn n n n n

n n L n n R
l rL N R N

nn n n

n n L n n R

f y f y f y f y

y y

f f f f

       

     

 

 

 

   

   
(13) 

In above equations, 
nf

 and 

nf
 are upper and 

lower firing interval for each output rule and 
ny

 and  
ny

 are upper and lower membership function center 

in the consequent part respectively. 

The main idea of the KM algorithm is to find the 

switch points L and R for yl and yr to ensure from their 

minimum and maximum. The switch point L and R in 

KM algorithm is determined by following equation. 
1

1

L L

l

R R

r

y y y

y y y





 

 
    (14) 

Take yl for example. yl is the minimum of YCOS(x). 

Since 

ny
 increases from the left to the right along the 

horizontal axis of Figure (7), we should choose a large 

weight (upper membership grade 
nf

) for  

ny
  on the 

left of switch point L and a small weight (lower 

membership grade 

nf
) for  

ny
  on the right of switch 

point L. The KM algorithm finds the switch point L. 

For n≤L, the upper membership grades are used to 

 [
 D

O
I:

 1
0.

22
06

8/
ija

e.
8.

1.
26

33
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 r
ai

lw
ay

.iu
st

.a
c.

ir
 o

n 
20

24
-1

0-
17

 ]
 

                             7 / 22

http://dx.doi.org/10.22068/ijae.8.1.2633
http://railway.iust.ac.ir/ijae/article-1-456-en.html


 [
 D

O
I:

 1
0.

22
06

8/
ija

e.
8.

1.
26

33
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 r
ai

lw
ay

.iu
st

.a
c.

ir
 o

n 
20

24
-1

0-
17

 ]
 

                             8 / 22

http://dx.doi.org/10.22068/ijae.8.1.2633
http://railway.iust.ac.ir/ijae/article-1-456-en.html


2639      Type-2 Fuzzy Braking-Torque Electronic Stability….. 

International Journal of Automotive Engineering  Vol. 8, Number 1, Jun 2018 

calculate yl ; for n > L, the lower membership 

grades are used. This will ensure yl be the minimum. 

After calculating yl and yr , must compute the 

defuzzified (crisp) output as follows: 

2

l ry y
y




    (15) 

According to being new the type-2 fuzzy logic, few 

specialized tools designed for the use of type-2 fuzzy 

sets, among these tools can be mentioned to graphics 

toolbox that designed by Taskin et al., [12]. This 

toolbox has the same environment with type-1 fuzzy 

graphics toolbox in MATLAB. In simulation section, 

we will use this toolbox for designing IT2FC. 

6. ESC Control System Design. 

ESC system is a vehicle safety active control 

system. It improves vehicle's lateral stability in 

emergencies. Two instances of vehicle directional 

instability may occur as follows: 

Oversteer: the actual path followed by the vehicle 

moves in towards the center of the curvature of turn 

with respect to the driver’s intended desired path. In 

other words, the vehicle start ‘spinning’. In over-steer 

situation, vehicle has higher yaw rate and larger 

sideslip angle. 

Understeer: when vehicle is turning, due to slip at 

the front axle, it deviates away from the driver’s 

intended path. An under-steer vehicle can be 

characterized by less yaw rate and smaller side-slip 

angle. 

Both above conditions are undesirable and it is due 

to loss of driver control on vehicle, lead to probability 

incensement of an accident. Controller should apply a 

corrective yaw moment in opposite direction to the 

driver generated yaw moment to overcome this 

situation To create yaw moment on vehicle is 

equivalent to generate positive or negative torque on a 

specific wheel. To check the yaw rate of vehicle 

stability, control system must apply 
/d dt

 and 

sideslip angle (B). Then, the error between them and 

desirable values are inputs of fuzzy controller. Since, 

desired values had obtained by normal yaw rate and 

sideslip angle, then we expect guide angles and 

different conditions such as turning and double lane 

change maneuver, without vehicle control lose.   

Figure (9) shows the overall structure of the ESC 

controller. This controller includes two layers: The 

first layer contains a fuzzy controller for calculating 

the correction torque and the second layer consists of a 

torque distributor to allocate torque generated by first 

layer to appropriate wheels. In this control structure, 

by comparing yaw rate and sideslip angle with 

desirable values (which is obtained from reference 

model) to determine error rate as ESC controller input. 

In addition, the required corrective yaw moment (Mz) 

is controller output. Then, the negative or positive 

torque will distribute by distributor block on electric 

motors mounted in each wheel. 

When the vehicle moves as expected, the smaller 

sideslip angle is better. On vehicle dynamics 

researches, the desired sideslip is generally considered 

as 0 degree, i.e., Bdes=0. 

 

 

 
 

Fig7. Switch point in KM algorithm [17] 
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Fig8. Under-steer and Over-steer in vehicle  

 

 
Fig9. .  Overall structure of our ESC control system 

7. Linear 2-DOF Reference Model  

The vehicle desired yaw rate from a simplified 

2DOF linear model are as follows [13]: 
2

2

2

. tan
,

( L )
. 1 ( )

f rs

ch

r r f f

ch

C C Ld V
V

dt m C L CV
L

V

 

 

 
 

 
 

 

(16) 

which fC and rC are side stiffness of front and 

rear axle. The normal yaw rate calculate from (16) may 

exceeds the max yaw rate that is limited by road 

adhesion. The max normal yaw rate should be calculate 

from the following equation: 

X

d g

dt V

 
      (17) 

  is the tire-road friction coefficient and g is the 

earth gravitational acceleration. If the value calculated 

from equation (16) exceeds the value from equation 

(17), the max value of the normal yaw rate is the latter.  

8. Type-2 Fuzzy ESC Design  

The main objective of ESC system is to reduce the 

yaw rate error and sideslip error by creating a 
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corrective yaw moment, until to maintain the 

vehicle desired stability. Type-2 fuzzy ESC controller 

has two inputs consisting of yaw rate error 

( ) des acte    
  and sideslip angle error 

(B) des acte B B 
 and Procedure for forming fuzzy 

control rules and also torque distribution layer is as 

follows [20]: 

The first mode: to occur under-steer mode when 

the vehicle suddenly turn to the left. This mode 

characterized by 
( ) 0e  

 and 
(B) 0e 

. To control 

this situation, the fuzzy controller must generate 

negative yaw moment in the counterclockwise 

direction. Then in the torque distributor block, this 

torque distribute in the form of rear-right wheel 

accelerating and rear-left wheel braking. 

The second mode: to occur over-steer mode when 

the vehicle suddenly turn to left. This mode 

characterized by 
( ) 0e  

 and 
(B) 0e 

. To control 

it, fuzzy controller must generate positive yaw moment 

in the clockwise direction. Then in the torque 

distributor block, this torque distribute in the form of 

front-right wheel braking and front-left wheel 

accelerating. 

The third mode: to occur under-steer mode when 

the vehicle suddenly turn to right. This mode 

characterized by  
( ) 0e  

 and 
(B) 0e 

. To control 

it, fuzzy controller must generate positive yaw moment 

in the clockwise direction. Then in the torque 

distributor block, this torque distribute in the form of 

rear-right wheel braking and rear-left wheel 

accelerating. 

The fourth mode: to occur under-steer mode when 

the vehicle suddenly turn to right. This mode 

characterized by 
( ) 0e  

 and 
(B) 0e 

. To control 

it, fuzzy controller must generate negative yaw 

moment in the counterclockwise direction. Then in the 

torque distributor block, this torque distribute in the 

form of front-right wheel accelerating and front-left 

wheel braking. 

The ESC controller performance for the four 

mentioned modes illustrated in figure (12). 

controller output is corrective yaw moment Mz. To 

provide enough rule coverage for fuzzy controller, we 

consider five fuzzy sets for each of the yaw rate and 

sideslip error variables with linguistic variables {NB, 

NS, ZE, PS, PB}. In addition, seven fuzzy sets describe 

the controller output by linguistic variables {NB, NM, 

NS, ZE, PS, PM, PB}. These symbols are acronym of 

Negative Big (NB), Negative Medium (NM), Negative 

Small (NS), Zero (ZE), Positive Small (PS), Positive 

Medium (PM), Positive Big (PB). According to some 

practical tests, the maximum allowable sideslip angle 

error and yaw rate error when driving through a severe 

double-lane-change maneuver are assumed to be 100 

and 350/s, respectively[14], which correspond well 

with the limits found in the literature for normal 

passenger cars. Based on this practical information 

range of input variables are: sideslip angle error in 

 0.2,0.2 rad
 and for yaw rate error

 0.6,0.6 ( sec)rad
. Moreover, maximum possible 

torque due to in-wheel motors is 400 N/m. So the range 

of change corrective yaw moment Mz is considered to 

be in interval [-400,400]. The membership function 

input and output variables is shown in figure (10), also 

the fuzzy controller schematic in MATLAB Simulink 

environment is shown in figure (11). 

In IT2FL we will use the Sugeno fuzzy inference 

engine, minimum for AND, maximum for OR, 

minimum for implication, maximum for aggregation 

and finally for type reduction and deffuzification the 

KM algorithm. We report the rule based fuzzy 

controller in table (1). 

After corrective yaw torque calculation by fuzzy 

controller in first layer, it distributes to wheel motors. 

Torque distributor does this task. Torque distributor 

identify vehicle situations such as over-steering, 

under-steering, steer angle drive, sign of Mz and etc. 

based on this information, it will distributes 

appropriate torque to respective wheels. In torque 

distribution to acquire maximum possible yaw 

moment, we will exert the negative torque to wheels of 

one side and the positive torque to cross-wheel of the 

other side. In fact, after assignment of corrective torque 

to a wheel for braking or acceleration, reverse of this 

torque assigns to cross-wheel on the other side. 

Furthermore, to make torque that is more effective in 

under-steering situation due to front axle slip, the 

system must distributes torque only to rear axle. 

Similarly, in over-steering situation due to rear axle 

slip, the torque distributed only to the front axle. Table 

(2) reports the wheels torque allocation. 
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Fig10. Our Interval type-2 membership functions of inputs and output variables 

 

Fig11. Fuzzy controller schematic in our MATLAB Simulink environment 

 

Table 1. Rule base the fuzzy controller 
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Table 2. : Allocation torque table to the wheels 

 

 

 

Fig12. The ESC controller performance in different models [22
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Table 3. Vehicle Specifications 

 

 

Fig13. The path of the car and the car steer angle 
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Fig14. (a) response of yaw rate. (b) Response of side slip angle. (c) Displacement of vehicle in the coordinate plane. (d) Changes of 

vehicle speed 

 
Fig15.  (a) Corrective yaw moment output of the fuzzy controller. (b) Output torque distribution of IT2FL controller to in-wheel motors 

 

9. Simulation and Analysis  

10. Double Lane Change Maneuver 

Performance of ESC control system evaluate with 

a double lane change maneuver that in this test. The 

vehicle parameters in this paper is reported in table 3. 
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For simulation vehicle runs at constant speed of 90 

km/h in the dry road with friction coefficient
8.0

. 

Figure (13) depicts the steering wheel input at double 

lane change. The responses of vehicle with interval 

type-2 fuzzy ESC control are compared to type-1 fuzzy 

ESC control with the same rules and membership 

functions and with without control. The test results are 

in Figures 14-15. 

The results show that the vehicle can track desired 

yaw rate and keeps sideslip angle within stable range, 

and driver can control the vehicle. In addition, the 

response of vehicle with IT2FL ESC control and T1FL 

ESC control can track the ideal output of the reference 

model compared to without ESC control. However, in 

comparison with T1FL ESC control, the vehicle with 

IT2FL ESC control has better performance and 

stability 

11. The effect of ESC controller on a low friction 

road surface 

 In this section, we evaluate the performance of 

ESC control system with a double lane change 

maneuver in snowy road with friction coefficient of 

3.0
. Driving conditions and vehicle steer angle is 

like the previous section. Figure (16) depicts the test 

results and Table (4) reports the numerical comparison 

of experiments. 

The test result imply that in double lane change 

maneuver in snowy road, the vehicle without ESC 

system completely lose control. The vehicle with ESC 

system can track desired yaw rate and keeps sideslip 

angle within stable range. Hence, driver can control the 

vehicle.  

12. Step steering test 

Step steering experiment adopted to validate the 

performance of ESC controller. In this cornering test, 

the vehicle runs at constant speed of 90 km/h in snowy 

road with friction coefficient 3.0 , and the driver 

input steering wheel angle is 20 degrees. We will 

compare the responses of vehicle with interval type-2 

fuzzy ESC control to system without any control and 

type-1 fuzzy ESC control with same rules and 

membership functions.  

After sudden change in steering, the vehicle get an 

oversteering in the counterclockwise direction and 

vehicle goes out of the way in an uncontrolled manner. 

Now to restore the car to the desire direction, fuzzy 

controller must generate positive yaw moment in the 

clockwise direction. Then in the torque distributor 

block, this torque distribute in the form of front-right 

wheel braking and front-left wheel accelerating as 

shown that in figure(18). 

We can see in figure (17) that the yaw velocity and 

sideslip angle convergence rapidly. The yaw velocity 

of ESC control system can also track the 2dof ideal 

reference model closely. 

 

Fig16. . (a) response of yaw rate. (b) Response of side slip angle. (c) Displacement of vehicle in the coordinate plane
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Table 4 . Quantitative comparison among type2 and type1 fuzzy ESC and without control in double lane change maneuver on (Intel Core 

i5, 2.5 GHZ) 

 

 

Fig17. (a) vehicle steer angle. (b) Response of yaw rate. (c) Vehicle sideslip angle. (d) Displacement of vehicle in the coordinate plant 

                               
Fig18.  (a) Corrective yaw moment output of the fuzzy controller. (b) Output torque distribution of IT2FL controller to in-wheel motors 
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Table 5. Quantitative comparison among type2 and type1 fuzzy ESC and without control in step steering test on (Intel Core i5, 2.5 GHZ) 

 
 

 

 

Fig19.  (a) Response of yaw rate and (b) changes of vehicle speed 

 

Table 6. Quantitative Comparison between Designed ESC and Conventional ESC 
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13. Comparison between our New Designed ESC 

and Conventional ESC 

In conventional ESC, which only use braking 

torque to make corrective yaw moment, in non-

emergency situations due to braking intervention at 

work driver, lead to further reduction of vehicle speed. 

This type of ESC beget an unpleasant feeling in the 

driver. However, in ESC system that designed in this 

article, due to simultaneous exertion of braking and 

accelerating torque, reduce vehicle speed less. 

Meanwhile, in emergencies, vehicle stability well 

maintained. Figure (19) depicts the comparison of 

speed and yaw rate between ESC designed in this 

article and ESC that use only braking torque with the 

same fuzzy controller in a double lane change test with 

the same specification 

14. Conclusion 

In this work an Electronic Stability Control system 

based on type-2 fuzzy logic theory for electric vehicles 

with independent torque at each wheel for tracking 

desired vehicle behavior is developed. The proposed 

controller improved handling and stability of the 

vehicle by controlling the parameters yaw rate and 

sideslip angle of vehicle. The results show that the 

proposed system clearly improves the vehicle stability 

compared with the uncontrolled vehicle, and has a 

better performance compared with type-1 fuzzy 

controller. However, according to table(4), yaw rate 

error and side slip error from their optimal value in 

type2 fuzzy controller is better than type1 fuzzy 

controller and type2 fuzzy ESC control system can also 

track the 2dof ideal reference model closely. However, 

because of more computational complexity, run time 

simulation in  

It also uses a torque distributor that use braking and 

accelerating on both sides of the vehicle, which cause 

Reduce vehicle speed less than ESC control system 

that use only intervention braking to maintain vehicle 

stability and yaw rate error in designed controller is 

less. 
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